Graphene nanoribbons (GNRs) synthesized using a bottom-up technique potentially enable future electronic devices owing to the tunable electronic structures depending on the well-defined width and edge geometry. For instance, armchair-edged GNRs (AGNRs) exhibit width-dependent bandgaps. However, the bandgaps of AGNRs synthesized experimentally thus far are relatively large, well above 1 eV. Such a large bandgap may deteriorate device performances due to large Schottky barriers and carrier effective masses. We describe the bottom-up synthesis of AGNRs with a smaller bandgap using dibromobenzene-based precursors. Two types of AGNRs with different widths of 17 and 13 carbon atoms were synthesized on Au(111), and their atomic and electronic structures were investigated by scanning probe microscopy and spectroscopy. We reveal that the 17-AGNRs has the smallest bandgap as well as the smallest electron/hole effective mass among bottom-up AGNRs reported thus far. The successful synthesis of 17-AGNRs is a significant step toward the development of GNR-based electronic devices.
Quasi-one-dimensional strips of graphene with nanoscaled width, so-called graphene nanoribbons (GNRs), exhibit unique electronic and magnetic properties that do not appear in two-dimensional graphene [1] [2] [3] [4] . These properties can emerge from the structural boundary conditions imposed by the atomically precise width and edge structure in GNRs.
Two representative types of GNRs are armchair-edged GNRs (AGNRs) and zigzag-edged GNRs (ZGNRs). AGNRs show sizable gapped electronic states established by the quantum confinement and edge effects [5] [6] [7] [8] . In graphene-based electronics, AGNRs with finite bandgaps at room temperature have attracted much attention as a reliable semiconducting channel for field-effect transistors (FETs). Numerous top-down approaches have been conducted to fabricate GNRs [9] [10] [11] . Nevertheless, such GNRs typically had uncontrollable edge geometries with defects, exhibiting poor transport properties as a transistor channel.
For fabricating atomically precise GNRs, an advanced bottom-up synthesis technique has recently been proposed and demonstrated, which uses on-surface-assisted polymerization and subsequent cyclodehydrogenation of precursor monomers on metal substrates 12 . This technique has yielded atomically precise AGNRs [12] [13] [14] and ZGNRs 15 . In particular, since the bandgap of AGNRs can be tuned by changing the width, the bottomup synthesis for N-AGNRs (where N is the width in the number of rows of carbon atoms across the AGNRs) has been widely conducted. Following the pioneering 7-AGNRs on Au(111) 12 , various N-AGNRs have been reported, such as 3-AGNRs 16, 17 , 5-AGNRs 18 , 9-AGNRs 19 and 13-AGNRs 20 , as well as the derivative AGNRs incidentally cyclodehydrogenated along the width direction (e.g., 14 -, 18-and 21-AGNRs) 21, 22 .
As theoretically predicted, N-AGNRs can be categorized into three subfamilies with N = 3p, 3p+1 and 3p+2 (p is a natural number), in which each electronic structure varies depending on the structural boundary conditions 6, 7 . For evaluating the quasiparticle bandgaps of AGNRs accurately, the first-principles calculations by considering manybody perturbation theory (GW approximation 23 , where G is the Green's function and W is the screened Coulomb interaction) have been carried out beyond the framework of the density functional theory (DFT) 7 . According to the calculations, the gap size ∆ decreases with increasing N (i.e., the width) within each subfamily and follows the relation among the subfamilies with the same p, namely ∆ 3p+1 > ∆ 3p > ∆ 3p+2 . For instance, with the GW calculations for freestanding N-AGNRs 7, 24 , the quasiparticle gap ∆GW is predicted to be 3.80 and 2.25 eV for N = 7 and 13 (3p+1), respectively, 2.16 eV for N = 9 (3p) and 1.75 eV for N = 5 (3p+2). Previous studies on FETs using bottom-up AGNRs with widths of N = 7, 9 and 13 presented their electrical transport characteristics 25, 26 . However, in such GNR-FETs, the intrinsic transport properties of AGNRs were obscured by large Schottky barrier resistance between AGNRs and metal contacts. This is because the bandgaps in the above AGNRs are large, substantially exceeding 1 eV. The transport characteristics can be improved through the use of wider AGNRs since they are expected to have lower Schottky barriers and smaller effective masses arising from their small bandgap features.
In fact, in carbon nanotubes (CNTs) with bandgaps smaller than 1 eV, much better transport characteristics have been reported 27, 28 . Hence, AGNRs belonging to the 3p+2 subfamily, which exhibit the smallest bandgaps among the three subfamilies, have considerable potential to be exploited in GNR-FETs. GNR-FETs can have an advantage over CNT-FETs because the structure and, therefore, properties of GNRs can be precisely controlled using the bottom-up synthesis, in contrast to the case of CNTs.
We discuss the bottom-up synthesis of the well-structured 17-AGNRs (3p+2) as well as 13-AGNRs (3p+1) on Au(111) in ultra-high vacuum by using two types of dibromobenzene-based precursor monomers. To systematically control the width of the AGNRs, in the monomers, two anthracene units and two naphthalene units are introduced into the dibromobenzene for the 17-and 13-AGNRs, respectively. Although 13-AGNRs synthesized with a different precursor monomer were already reported 20 , we show the consistency between our 13-AGNRs and the previous ones. Characterizations of the atomic and electronic structures of the 17-and 13-AGNRs on Au(111) are carried out by combining in-situ scanning tunneling microscopy and spectroscopy (STM/STS) and exsitu non-contact atomic force microscopy (nc-AFM). We find that the experimentally obtained electronic structures in both AGNRs are consistent with the accordingly corrected quasiparticle states predicted from the GW calculations. We reveal that the 17-AGNRs have a bandgap of 0.19 eV on Au(111), which is consistent with a theoretically obtained bandgap of 0.63 eV for a freestanding 17-AGNR 24 . As far as we know, this is the first demonstration of the synthesis of GNRs having a bandgap smaller than 1 eV in a controlled manner.
Results

Synthesis of 17-and 13-AGNRs.
To control the width of bottom-up AGNRs, we developed two dibromobenzene-based precursor monomers shown in Fig. 1 . The monomers 1,2-bis-(2-anthracenyl)-3,6-dibromobenzene (BADBB) for the 17-AGNRs ( Fig. 1a ) and 1,2-bis-(2-naphthalenyl)-3,6-dibromobenzene (BNDBB) for the 13-AGNRs ( Fig. 1b) were successfully obtained through multi-step organic synthesis (see Supplementary Note 1). Annealing a Au(111) surface up to 250 ℃ induced the detachment of bromine atoms from BADBB and BNDBB and extended one-dimensional 17-and 13-polymers were formed by aryl−aryl coupling. The covalent bonds between the monomers can form only when they are rotated 180 degrees to each other, as in the synthesis of 9-AGNRs 19, 29 . Upon further annealing to 400 ℃, thermally induced cyclodehydrogenation in the polymers led to the formation of the 17-and 13-AGNRs.
The BADBB or BNDBB monomers were individually deposited onto a clean Au(111) surface maintained at room temperature by thermal sublimation under ultra-high vacuum conditions. After room-temperature deposition, it is confirmed using STM that both BADBB and BNDBB monomers tend to form self-assembled islands on Au(111) ( Supplementary Fig. 11a, b ). Their apparent heights determined from STM are 0.24 nm for BADBB and 0.22 nm for BNDBB. To synthesize long and low-defective AGNRs, the samples were step-wisely annealed from room temperature to 400 ℃ in increments of 50 ℃, instead of a conventional two-step annealing at 200 and 400 ℃ for previous bottom-up GNRs 12, 19, 20 .
We successfully observed the formations of the polymers and AGNRs using STM. Further annealing to 400 ℃ results in a complete planarization of the protrusive polymers and leads to fully conjugated AGNRs, which was observed as a reduced apparent height of 0.18 nm in both 17-and 13-AGNRs ( Fig. 3a, d ). Each width is estimated to be 2.5 and 1.9 nm with an accuracy of ±0.1 nm in the 17-and 13-AGNRs, respectively. The dimensional feature of these 13-AGNRs is consistent with that of previous ones synthesized with a different precursor monomer 20 . The high-resolution STM images of the 17-and 13-AGNRs are shown in Fig. 3b and e, together with their structural models of freestanding 17-and 13-AGNRs calculated by DFT. The observed molecular structures exhibit the edge periodicity of 0.42±0.03 nm along the ribbon axis in both AGNRs. The experimental periodicity is in good agreement with the simulated value (0.43 nm). The observed ring-like shapes within the AGNRs also agree with the simulated STM images ( Fig. 3c for a 17-AGNR and f for a 13-AGNR).
To check further structural details of the 17-and 13-AGNRs, we carried out ex-situ nc-AFM imaging with CO-functionalized tips. Samples were transferred through the air into the AFM measuring chamber and subsequently annealed at about 400 ℃ under ultra-high vacuum conditions to remove contaminations on the surface adsorbed during air exposure. By comparing the dI/dV spectrum obtained on the edge of the 17-AGNR (red line) to that obtained on the bare Au(111) surface (black dotted line) in Fig. 5a , we notice the ribbon-related peaks centered at −0.09±0.02 V (occupied states) and 0.10±0.02 V (unoccupied states), which can be regarded as the valence band maximum (VBM) and conduction band minimum (CBM), respectively, since they bracket the Fermi level EF (at Vs = 0 V). From the energy difference between these peaks, the experimental energy gap is estimated to be ∆STS = 0.19±0.03 eV for the 17-AGNR on Au(111). In the GW calculations, the quasiparticle gap of a freestanding 17-AGNR is predicted to be ∆GW = 0.63 eV (Ref. 24) . In general, the values of ∆STS determined by STS in GNRs on metal surfaces are significantly underestimated to those of ∆GW for freestanding GNRs. The reduction in ∆STS to ∆GW is caused by the substrate-induced weakening of the electrostatic potential due to the long-range screening effects 22 . Therefore, the ∆GW values should be corrected by considering the substrate screening when compared with those of ∆STS. AGNRs, the internal screening of GNRs is, owing to their large polarizabilities, more dominant than the external screening from the substrate 32 . In such cases, the change in the renormalized gap depending on the presence or absence of the intercalated layer is almost negligible. Therefore, we can safely conclude that the agreement of our experimental energy gap with the theoretical renormalized gap is consistent.
The spatial distributions of the electronic structure of the 17-AGNR were experimentally explored by dI/dV mapping at different sample biases (Fig. 5b ). The dI/dV maps obtained at Vs = 2.0 and −1.0 V exhibit significant LDOSs along the two edges of the ribbon. On the other hand, in the dI/dV maps at Vs = 0.1 and −0.09 V corresponding to the energies of CBM and VBM, the enhancement of the dI/dV intensity along the edges is partially suppressed because of the oscillatory contrast derived from the quantum interference of the Au(111) surface states at these biases 33 . Figure 5c illustrates the dI/dV spectra taken on the edge of a single 13-AGNR and Au(111) surface. The spectrum of the 13-AGNR shows two prominent peaks centered at −0.06±0.02 and 1.28±0.02 V. These peak positions are similar to the energy positions of the VBM and CBM previously measured by STS for 13-AGNRs on Au(111) 20 . The energy gap is estimated to be ∆STS = 1.34±0.03 eV from the energy difference between those peaks. This energy gap is also consistent with the previous one (1.4±0.1 eV) 20 . With the GW calculations, the quasiparticle gap is predicted to be ∆GW = 2.25 eV for a freestanding 13-AGNR 24 , and the renormalized gap of the 13-AGNR supported by the Au(111) substrate is corrected as ∆GW' = 1.29 eV using the advanced image-charge model 32 . The theoretical gap shows good agreement with our experimental one.
For this 13-AGNR, the dI/dV maps measured at the characteristic sample biases are depicted in Fig. 5d . The dI/dV maps clearly show significant LDOSs along the edges at the CBM and VBM, as well as in the occupied state (at Vs = −1.0 V). In contrast, there is no prominent dI/dV intensity on the ribbon in the map at Vs = 0.7 V since this sample bias corresponds to the energy within the bandgap. These LDOS behaviors in the 13-AGNR by varying the sample bias were also observed in previous STS measurements 20 .
Comparison between experimental and theoretical band structures. For more detailed discussions on the dispersion of the electronic states of the 17-and 13-AGNRs, we carried out Fourier-transformed STS (FT-STS) measurements. Figure 6a shows a series of dI/dV spectra measured along one armchair edge of a single 17-AGNR at intervals δx = 0.11 nm (see Supplementary Fig. 14a for the measured 17-AGNR). In the LDOS [i.e., dI/dV (V, x)] map, while the standing wave patterns derived from scattering at the termini of the ribbon are clear in the unoccupied states (Vs > 1.3 V) and occupied states (Vs < −0.5 V), the weak patterns are also clear in the vicinity of EF. Moreover, the absence of the LDOSs within the bandgap can be confirmed throughout the measuring positions. The LDOS maps of a single 13-AGNR in the unoccupied and occupied states are presented in Fig. 6c and d (the measured 13-AGNR is shown in Supplementary Fig.   14b , c). Note that the LDOSs of the 13-AGNR are absent in the region from Vs ~ 1 V to EF, reflecting the bandgap.
To obtain the electronic band dispersion, we carried out a discrete Fourier transform of dI/dV (V, x) in real space to reciprocal space (see detailed procedures in Ref. 34) . Figure   6b presents the FT-LDOS map of Fig. 6a for the 17-AGNR in the range of the wave vector 0 ≤ k (= q/2) ≤ π/a corresponding to the first Brillouin zone of the ribbon. The FT-LDOS maps of the 13-AGNR in the unoccupied and occupied states are shown in Fig. 6e and f.
In both 17-and 13-AGNRs, the FT-LDOS maps reveal the appearance of dispersing bands and the bandgaps. It is, however, difficult to discuss the respective bands by resolving each other due to the insufficient signal-to-noise ratio. This experimental problem could be due to the finite tip size and a deviation from a constant tip−sample distance (approximately 0.1 nm) 19, 34 . We thus computed the quasiparticle bands of freestanding 17-and 13-AGNRs using the GW calculations to compare them with the experimental band dispersions. Figure 6g and h show the calculated band structures of the 17-and 13-AGNRs. From our calculations, the quasiparticle gap of these AGNRs is predicted to be ∆GW = 0.72 and 2.01 eV, which is in acceptable agreement with the previous calculation results 24 .
As mentioned above, the GW calculations overestimate the bandgap of GNRs compared with the STS experiments. We thus attempted to rigidly shift the GW quasiparticle bands to compare them with the experimental band dispersions (see red dotted curves in Fig. 6b , e, f). All quasiparticle CBs and VBs are shifted to match the onset of the quasiparticle CB and VB with the energies of the experimental CBM and VBM (Fig. 5a, c) . Surprisingly, the rigid-shifted quasiparticle bands reasonably reproduce the experimentally observed band structures in both 17-and 13-AGNRs, although each quasiparticle band is not corrected by considering the image-charge effects.
It is difficult to accurately estimate the effective masses by using these experimental data. Thus, as an indirect comparison, we carried out a parabolic least-squares fit [E(k) = E(0) + ℏ 2 k 2 /2m*] to the GW quasiparticle CB and VB of these 17-and 13-AGNRs (depicted with blue dotted curves in Fig. 6g Atomically clean Au(111) surfaces were prepared by repeated cycles of Ar ion sputtering and annealing at 500 ℃. BADBB and BNDBB monomers (for details on the synthesis and characterization, see Supplementary Note 1) were thermally evaporated onto the clean Au(111) surface held at room temperature from a quartz crucible heated to 180 ℃ for BADBB and 120 ℃ for BNDBB, resulting in a deposition rate of ~1 Å/min in both monomers. The coverage of both monomers was controlled to be sub-monolayer, as determined from STM ( Supplementary Fig. 11a, b ). After deposition, the surface temperature was step-wisely ramped (<5 ℃/min) from room temperature to 400 ℃ in five steps to 200, 250, 300, 350 and 400 ℃. Each temperature step was held for 30 min at or less than 350 ℃ and for 2 h at 400 ℃. Long and low-defective AGNRs were obtained owing to this step-wise annealing. Quasiparticle band structure calculations were computed in the GW approximation using the BerkeleyGW package 23, 43 . The electronic structure from DFT was recalculated using 60 Ry plane-wave cutoff and 64 k-points in the first Brillouin zone. The quasiparticle energies are determined by considering the lowest 29 and 45 unoccupied conduction bands for the 17-and 13-AGNRs, respectively. The static dielectric matrix ε was calculated in the random phase approximation with 8 Ry cutoff for the plane-wave basis.
The dynamical electronic screening is captured using the general plasmon pole model 23 .
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Synthesis
1,4-dibromo-2,3-diiodobenzene 1 (300 mg, 0.62 mmol), 2-anthraceneboronic acid (282 mg, 1.27 mmol) and PdCl2(PPh3)2 (45 mg, 0.064 mmol) were dissolved in 1,4-dioxane (15 ml), then 2 M Na2CO3 aqueous solution (6 ml) was added to the mixture. After argon bubbling for 45 min, the reaction mixture was stirred at 100 ℃ for 2 days. After cooling to room temperature, the solution was diluted with CH2Cl2, and washed with H2O and brine, then the organic phase was dried over Na2SO4. The residue was concentrated in 
X-ray single-crystal analysis
BADBB
Supplementary Note 2: XPS measurements
The C 1s core-level states of 17-and 13-AGNRs grown on Au(111)/mica substrates were investigated by X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out with monochromated Al Kα radiation (hν = 1,486.5 eV) at room temperature. The energy was calibrated with the Au Fermi edge, and the total energy resolution was 600 meV. Supplementary Figure 12a shows the C 1s spectra of the 17-and 13-AGNRs.
The main peaks are located at 284.2 eV in both AGNRs, and there are no tail structures derived from the oxygen-related components (C−O, C=O and COOH) in the higher binding energy side of the main peak. Note that while spectral shapes are almost the same in both types of AGNRs, the peak intensity of the 13-AGNRs is slightly higher than that of the 17-AGNRs in the lower biding energy side (indicated with an arrow). To quantitatively estimate the difference in the peak intensity, we carried out a numerical fitting of the C 1s spectra. We assumed that the C 1s peak consisted of C−C and C−H components. High-resolution photoemission studies using synchrotron radiation resolved
